Repeated treatments with praziquantel reduce schistosomiasis prevalence and morbidity, but transmission persists and populations often recover within a few years. To identify factors associated with persistence, we surveyed and treated all identified Schistosoma mansoni infections in two rural Brazilian communities (Jenipapo and Volta do Rio) in 2009, 2012 and 2013. Eggs were collected from all infected individuals and genotyped with 11 microsatellite markers to evaluate parasite differentiation and diversity. After successive rounds of community-wide treatment, prevalence decreased from 45% to 24% then 16%. Intensity of infection decreased by 57% over this period, and the number of eggs transmitted to the environment decreased by 92%. During all time periods the majority of eggs were excreted by those >15 years of age. The incidence was 23% in 2012 and 15% in 2013, consistent with a decrease in transmission. There was little immigration or gene flow over a distance of 6 km. On reinfection, infrapopulations were moderately differentiated indicating that pretreatment multilocus genotypes were not fully reacquired. The effective population size responded to census population decline more rapidly than differentiation. Reinfection was concentrated in the downstream portion of Jenipapo, consistent with the observed increased human fecal contamination. At this scale and in this area S. mansoni infections exist on a fragmented landscape with a highly focal pattern of transmission that may facilitate future elimination.
Introduction
Despite advances in the treatment and prevention of schistosomiasis, it remains a major public health problem in Brazil and much of the world (World Health Organization (WHO), Schistosomiasis: Fact sheet N°115, 2014, http://www.who.int/mediacentre/factsheets/fs115/en/). In Brazil, estimates of those infected with Schistosoma mansoni range from 2.5 to 12 million, and more than 30 million are at risk of infection (Katz and Peixoto, 2000) . Control strategies focusing on treatment with antiparasitic drugs were initiated in the 1970s. This reduced overall prevalence in endemic areas from 25% to approximately 5% by 2011, with consequent steep reductions in morbidity (Carmo and Barreto, 1994; Coura and Amaral, 2004; Amaral et al., 2006) and mortality (Ferreira and Tabosa e Silva, 2007) , but without eliminating transmission. There is no sterile immunity to schistosomes, thus reinfection is common.
As emphasis shifts from control to elimination, it is important to better understand the parasite's local population dynamics under pressure from antiparasitic treatments. Population genetics offers tools that can uncover many of the forces that modify parasite populations and may be useful for understanding parasite persistence despite repeated treatments. Population genetics has particularly been applied to problems of conservation in order to plan for the maintenance and health of organisms and ecosystems (Spielman et al., 2004; Frankham, 2005) . By contrast, in the management of pathogens, extinction is the desired outcome, and identifying predictive markers and tracking progress toward this end are important objectives.
To date, few studies have tracked schistosome populations longitudinally following treatment and these report differing results.
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Significant parasite allele frequency differences were found in children in Tanzania before and after school-based treatment, suggesting that a single round of treatment produced a significant genetic bottleneck (Norton et al., 2010) . In Senegal, a cohort of children was treated up to five times over 2 years . After an initial decrease in prevalence, infection recurred with generally higher intensity in subsequent surveys. No change was found in parasite allelic richness, heterozygosity, inbreeding coefficient or fixation index. A 4 year mass drug administration program in Kenya showed no change in parasite genetic diversity in children with no decline in infection intensity (Lelo et al., 2014) . These studies may not be contradictory since the dynamics of transmission vary between sites. Each study followed up school-based treatment and all examined small samples of parasites from small samples of infected individuals. While these are useful and provocative initial studies, they do not address the effect of community-wide treatment, the problem of reinfection versus persistence and in one case (Norton et al., 2010) does not reflect the result of individual reinfection. More and diverse sites need to be studied given the heterogeneity in worldwide human and parasite populations as well as the variation in environmental contexts. We propose that using ''reverse" conservation genetics can contribute to planning and understanding the requirements for parasite elimination.
In 2009 we began studies on a rural focus of S. mansoni transmission in two small communities in Brazil. We registered host epidemiologic characteristics and parasite allele frequencies, and treated all of those infected (Barbosa et al., 2013) . This population was then followed for two additional rounds of treatment over a 4 year period, and the longitudinal effects of treatment on parasite population dynamics and structure were analyzed.
Materials and methods

Study sites and written consent
The study was conducted in two rural villages, Jenipapo and Volta do Rio, along the Jiquiriçá River in the northeastern Brazilian state of Bahia. The communities each have 300-400 residents, are 6 km apart by road, share schools and health services, and they are each 10-15 km from larger towns (Fig. 1) . This relative isolation, together with the prevalence of schistosomiasis in the area, were the main reasons for choosing these sites. The two communities have been described previously (Blanton et al., 2011; Barbosa et al., 2013) .
Written consent was obtained from all participants or their guardians, and the study adhered to procedures approved by the Committee on Ethics in Research of the Oswaldo Cruz Foundation of Salvador, Bahia, Brazil, the Brazilian National Committee on Ethics in Research and the Institutional Review Board for Human Investigation of University Hospitals Case Medical Centre, Cleveland, Ohio, USA.
Study design
Epidemiologic and parasitologic surveys were conducted in both communities for all inhabitants P1 year old who agreed to participate in 2009 and 2012 (Blanton et al., 2011; Barbosa et al., 2013) . Only Jenipapo was studied in 2013 (Fig. 2) . Information collected during each year of the study was double entered into the program Epi Info version 7 (Centers for Disease Control, Atlanta, GA, USA). For the parasitological survey, three stool samples were collected on different days from each resident and examined by the Kato-Katz technique for S. mansoni infection status and intensity recorded as eggs per gram (epg) of feces. Residents were directed to provide a whole stool for each examination. Infected individuals were treated with a single oral dose of praziquantel (50 mg/kg) according to Brazilian Ministry of Health guidelines (Ministério da Saúde, 2010) . The first use of praziquantel in these communities was in 2009, and all subsequent treatments were directly observed. Those found to have soil-transmitted helminths received treatment with mebendazole. Four weeks after treatment, three stools collected on different days were again examined from S. mansoni-positive individuals, and those still positive were re-treated with mebendazole.
Microsatellite genotyping
All procedures and primers were previously described (Blank et al., 2009; Barbosa et al., 2013) . Briefly, S. mansoni eggs were concentrated from the whole stool by selective sieving and sedimentation, and extracted DNA was PCR-amplified with a panel of primers for 11 microsatellites (Supplementary Table S1 ). The amplification products were combined into groups of three or four markers and processed on an Applied Biosystems 3730xl DNA Analyzer. PeakScanner software version 1.0 (Applied Biosystems, Carlsbad, CA, USA) was used to determine peak heights from which relative allele frequencies were calculated. Successful PCRs were defined as those in which there was at least one peak >500 pixels and measured peaks fell within the size range expected for a given marker. Peaks <100 pixels were excluded from analysis. If both duplicate samples amplified, their mean allele frequency was used. Subsequent population analyses were limited to those samples for which at least eight of 11 markers were successfully genotyped.
Data analysis
Reinfection rates and statistical analyses
Reinfection rates were calculated for individuals who were successfully treated in the previous year. Categorical data were Genotype n=221 Genotype n=33
Jenipapo Volta do Rio
Genotype n=90 Genotype n=44 compared using Pearson's chi-square test, and continuous data was evaluated by Student's t-test or ANOVA after transformation for normality as needed. Tukey's test was performed post hoc for ANOVA analyses. A P value of <0.05 was used as the criterion for statistical significance.
Allele frequencies
Total egg counts were calculated by multiplying the egg concentration by stool weight. Allele counts were calculated by multiplying total egg counts by the allele frequencies at a given microsatellite locus. Parasite populations and their allele frequencies were grouped into infrapopulations (the collection of schistosomes infecting an individual human host) and component populations (the aggregate of schistosomes infecting all hosts within a defined geographic area and/or period of analysis).
Differentiation
To assess genetic differentiation between populations we applied Jost's D index calculated using the program SPADE (Chao and Shen, 2010, http://chao.stat.nthu.edu.tw). The means of pairwise Jost's D comparisons between infrapopulations (Di) were averaged. Differentiation between component populations (Dc) used the total number of alleles in each component population to calculate D for each marker, and then those values were averaged. Due to the large number of eggs used to calculate D and effective allele number, the P value and the confidence intervals (CI) rarely overlap. Cohen's D is a measure of effect size that is especially useful for large data sets where the null hypothesis is always rejected, even for negligible differences (Sullivan and Feinn, 2012) . Therefore, Cohen's D (Cohen, 1992) was calculated as the difference between two means divided by the S.D. of the pooled data. The CI for Cohen's D was calculated as previously described (Coe, R., 2002. It's the effect size, stupid: what effect size is and why it is important. In, Annual Conference of the British Educational Research Association, University of Exeter, England, UK). The standard interpretation of Cohen's D is: 60.2, little effect; 0.3-0.5, moderate effect; and >0.5, large effect (Sullivan and Feinn, 2012) .
Diversity and effective population size
To evaluate genetic diversity, we used the effective allele number (Ae), calculated as 1/Rp i 2 where p i is the frequency of the ith allele, for each marker (Hartl and Clark, 1997) . The result is reported as the mean and S.D. over all loci. Variance effective population size (Ne) was estimated from component population allele numbers using a temporal maximum likelihood approach realised in the program MLNE (Wang and Whitlock, 2003; Wang, 2005) . MLNE also performs a joint calculation of the local migration rate (m) as well as a calculation of Ne based on the second moment. For estimates of m at generation 0 of a given community, we used the allele frequencies from the nearby community prior to treatment in 2009 as the source population and set the generation time to 1. For subsequent years we used the allele frequencies from the nearby community in 2012 as the source population. One generation time was estimated at 12 weeks.
Spatial analysis
All households and major geographic features were georeferenced using a Nomad GPS unit Model 65220-11 (Trimble Navigation Ltd., Sunnyvale, CA, USA). The spatial density of schistosome infections by household was plotted using kernel density estimation.
Results
Study population characteristics
In 2009 the two villages differed in population (Jenipapo 482, Volta do Rio 368), and the percentage of the population with access to a septic tank at home (Jenipapo 44%, Volta do Rio 91% (Barbosa et al., 2013) ), but were similar for other characteristics (Table 1) . There also were no significant demographic changes over the 2009-2013 period. There were nine new registrants in 2012 not born in the district and who had spent less than 25% of their lifetime in Jenipapo or Volta do Rio. Of these, two were infected with S. mansoni.
Infection characteristics and treatment coverage
In 2009 and 2012, 96% of the residents of the two communities provided at least one stool sample, and 96% of these provided three stools. In 2013, when only Jenipapo was evaluated, 82% provided at least one stool with 94% of these providing three stools. In 2009, praziquantel was distributed to 88.1% of the infected individuals, and in 2012, 96.8% were treated. Egg negative rates after a single course of praziquantel were 89.5%, 98. 7% and 97.0% in 2009, 2012 and 2013, respectively. Prevalence and mean intensity of infection decreased at each follow-up period (Table 2) . Between 2009 and 2012 the prevalence in Jenipapo fell from 45.8% to 23.6% and in 2013 further reduced to 16.2% (P < 0.01, odds ratio (OR) 1.60, 95% CI 1.14-2.25, chi-square test with 1 degree of freedom (df)). In Volta do Rio prevalence went from 35.1% to 13%. By contrast, the prevalence of soil-transmitted helminths increased or was unchanged despite mebendazole treatment at each period. The combined intensity of schistosome infection also showed a marked decrease from a geometric mean of 68.6 epg to 34.1 epg in 2012 (P < 0.001, Student's t-test), but for Jenipapo the mean intensity in 2012 (34.2 epg) was not significantly different in 2013 (24.1 epg, P = 0.07, Student's t-test). The total daily egg output for each community was calculated from stool weights and intensity. From 2009 to 2012, the measured total daily egg output fell 74% and 81% in Jenipapo and Volta do Rio, respectively, and in Jenipapo the total egg count fell by 92% or >10 fold by 2013 (Fig. 3) . The rate of decline, however, decreased after the second round of treatment in Jenipapo. The total number of eggs was always greater (up to 300%) in those >15 years of age compared with those of younger age. The incidence of schistosomiasis (Table 3 ) was higher in Jenipapo in 2012 (23.0) than Volta do Rio (13.8; P < 0.01, OR 1.86, 95% CI 1.24-2.80, chi-square test with 1 df). Incidence declined in Jenipapo to 15.2% per year after the second round of treatment (P < 0.01, OR 1.67, 95% CI 1.17-2.40, chi-square test with 1 df). Since there were 3 and 1 years, respectively, between treatment and re-survey periods, the annual rate was actually lower after the first round. Reinfection rates were higher than incidence in previously uninfected individuals.
For both communities the 11-20 and 21-30 year age groups had the highest intensity and prevalence, and likewise showed the most reduction (Fig. 4) . In 2009 the youngest person infected was 2 years old, the oldest 99 years. By 2013, the youngest infected in Jenipapo was 8 years old and the oldest 69 years.
Longitudinal schistosome population differentiation
DNA from samples collected each year showed similar PCR success rates (2009 = 66%; 2011 = 58.8%; 2013 = 64.7%). The villages differed for the effect of treatment on differentiation (Table 4) . There was moderate differentiation between infrapopulations for both communities at baseline. For Jenipapo this changed little after the first round of treatment (effect size 0.014), but was effectively higher a year after the second round (P < 0.001, Student's t-test, effect size 0.332). By contrast the mean Di for Volta do Rio increased significantly after the first round of treatment (P = 0. To test the sensitivity of the differentiation indices to allele frequency estimation error the frequency of the most common allele was reduced and in another assay increased by 10% for four markers (SMMS2, SM13-410, SMMS13 and SMU31768). Mean Di was then calculated using all of the genotypes from Jenipapo in 2009. A difference of 3, 4.1, 11.4 and 3.5% from the observed values was noted, respectively.
The Dc evaluated the differentiation between parasite component populations defined by village and year of study. Dc between villages was unchanged from 2009 to 2012 (Di 0.045 ± 0.002 and 0.030 ± 0.004, respectively, P = 0.39, Student's t-test). Within each community, Dc between consecutive survey periods was small (0.008-0.013).
Longitudinal schistosome population diversity
The mean Ae in all years and all populations ranged from 3.5 to 3.8 and was no different between populations or between any combination of years (Table 4) . Ne for Jenipapo was calculated with and without the joint estimation of the migratory fraction, m. The two calculations generally differed by only 7%, and the value of m was always <0.007 (Table 5) . At baseline the variance Ne was infinite by the moments method of calculation or 33,181 by maximum likelihood. In 2012, 3 years after the first community-wide treatment, Ne fell to 1909 and then 1059 after the second treatment. The Ne in Volta do Rio was comparable with that of Jenipapo. Although the Ne was much less when estimated jointly with m, the CI substantially overlaps. The calculation for Volta do Rio was likewise comparable with that of Jenipapo. Ne fell to <1000 after the first round of treatment.
Spatial distribution of reinfection
In a previous study (Ponce-Terashima et al., 2014) , we identified clustering of schistosome cases along the downstream portion of the Jiquiriçá River in Jenipapo, a section that corresponded to the highest concentration of human fecal contamination. In each follow-up period of this study, the distribution of infection showed decreasing prevalence along upstream portions of the river with recurrent foci of higher infection numbers downstream (Fig. 5) . 
Discussion
The sequential analysis of parasite populations subjected to repeated treatments offers insights into the local transmission dynamics, population structure and spatial distribution of risk for schistosomiasis. Since nearly everyone with detectable infection in these communities was treated and re-examined, we were able to calculate accurate incidence and reinfection rates. Both progressively declined following treatment, and in contrast to multiple studies in Africa Lelo et al., 2014) , these reductions were maintained over a 4 year period with little intervention apart from retreatment. The relative success of this program was likely due to the communities' small size, higher success rates for research over operational programs, better sanitation compared with much of Africa, education and sensitisation of the population to the problem and treatment of all identified infected individuals regardless of age. School aged children, the treatment targets in the African studies, are generally 5-14 year olds, yet most of those infected in Brazil are older than 15. Even in Africa, with the world's youngest population, the 5-14 year old age group comprises only 20-30% of the total (Rosling et al., 2005) . There are, thus, more eggs produced by the older population despite higher intensity of infection in children. After community-wide treatment and retreatment, the reservoir for reinfection became relatively small, composed of immature infections not yet productive of eggs, the few individuals who refused treatment, those whose egg counts were below the level of detection and the population resident in snails. To reduce morbidity, the most heavily infected segment of the population (usually children) should be targeted, but to reduce transmission, the total number of eggs needs to be reduced. If elimination is the goal, school-based treatment may not be the best option in Brazil. Worldwide, there is a demographic shift toward aging that needs to be taken into account in long-term planning for elimination.
Despite repeated community-wide treatment, transmission was not eliminated in Jenipapo and Volta do Rio. The analysis of population structure uncovers important aspects of how the parasite population was changing and what factors permitted its persistence.
First, individuals who were positive for stool eggs 1 or 2 years after treatment are likely to have reacquired their infection rather than possess parasites insensitive to praziquantel. Comparison of the composition of populations by genetic differentiation can help distinguish reinfection from persistent infection. Infrapopulation differentiation for reinfections was moderately elevated in both 2012 and 2013, indicating that these hosts now had a different range of multilocus genotypes producing eggs. This is likely the result of death or permanent infertility in the resident worms and the acquisition of new organisms. In an earlier study, no such differentiation was observed in worms that persisted 6 weeks after treatment (Blanton et al., 2011) . The moderate differentiation between infrapopulations upon reinfection underscores that each individual host takes an unrepresentative sample of the component population and does not merely resample the same multilocus genotypes. Small samples of parasites and small numbers of infrapopulations are likely to be problematic for interpretation.
Second, the effective population size (Ne) responded to population decline more rapidly than differentiation or Ae. While the total production of parasite eggs fell by >70%, little effect on infrapopulation or component population differentiation was observed after the first treatment period. By contrast, Ne declined steeply after the first community-wide treatment. This is consistent with the findings of Antao et al. (2011) who showed that measures of Ne can rapidly detect small declines in the census population even after one generation. There was little change in Ne after the second round of treatment at the same time as there was slowing in the decline of total community egg burden.
Third, Ne represents the size of an ideal population needed to reproduce the genetic variability and rate of drift present in the actual population. Ne has been used as a guide to the risk for extinction (Frankham, 2005) . Some have suggested that extinction in the short-term is associated with a variance Ne <50 (Reed and Bryant, 2000; Palstra and Ruzzante, 2008) , while long-term extinction (on the order of 100 years) is associated with Ne <500 (Franklin, 1980; Franklin and Frankham, 1998) or even 5000 (Lande, 1995) . Here Ne was reduced to less than 1000 in the schistosome populations of both communities. Values that would inevitably lead to extinction of a schistosome population are unknown and depend on the time frame and environmental and demographic considerations that may be specific to a locality. Beyond serving as a predictor of extinction, Ne lowered to <1000 may be associated with slow population recovery, such as we see in Brazil, and could indicate to public health officials that the interval between treatments could be increased.
Fourth, migration contributed little to continued transmission. Only two infected hosts were identified in the subsequent years who could be considered new immigrants. Consistent with the low degree of recent human and parasite migration, estimation of a parasite migratory fraction as part of the calculation of Ne was negligible for both communities for each year studied. In our Brazilian studies, schistosomiasis transmission was observed to be very local. The yearly plot of infection intensity in Jenipapo indicates an increasingly limited area of transmission if we assume infections occur near home as it does in other studies (Lima e Costa et al., 1991; Clennon et al., 2004; Matthys et al., 2007; Meurs et al., 2013) .
A major strength of our methodology is the analysis of a large number of parasites within a large number of infected hosts. Indeed, we have captured essentially the universe of infections in the population. The ideal sample size is difficult to know, but for a heterogeneous population it should be large. This produces the most accurate and precise estimates of Ne which is strongly biased when small samples are used (Palstra and Ruzzante, 2008) .
There are multiple sources of error in a field-based study such as this, including failure of participants to deliver a whole stool, production of more than one stool per day, wide day-to-day variation in egg output, heterogeneous distribution of eggs in stool and poor sensitivity of the Kato-Katz assay for low intensity infections (Engels et al., 1996; Berhe et al., 2004) . Depending on which standard is used, one stool has a sensitivity of 40-60%, and three stools will have a sensitivity of 90%. The greatest error is for light infections, thus, on balance the underestimate of total egg numbers available to contaminate the environment should be small.
Allele frequencies estimated from pooled samples have up to a 10% difference compared with the use of discrete genotypes (Hanelt et al., 2009 ). On the other hand, this approach sometimes identifies alleles missed by analysis of discrete genotypes. For differentiation, the error should cancel for comparisons of contemporary infrapopulations and geographic comparisons. For samples taken at different times, precision may decrease as infection intensities and prevalence decline. The effect on accuracy may be unpredictable. By contrast, the error inherent in taking small discrete samples of a very large, heterogeneous population has not been estimated. Ne can be evaluated to reflect parent or progeny population size. Variation in family size may affect calculation of Ne for parents (Steinauer et al., 2013) , but not progeny. The large sample sizes and the completeness of sampling in this study mitigate many of these potential errors, and are essential for accuracy in Ne estimates using the maximum likelihood approach (Wang, 2005) .
The results of this study have direct bearing on the decision to use frequent selective or mass treatment in Brazil. Based on concerns for development of praziquantel resistance, a recommendation to only use targeted treatment after individual diagnosis or to use mass treatment only following screening of the population has been made (Geerts and Gryseels, 2000) . Low Ne, and therefore high genetic drift, actually reduces the force of selection (Frankham, 2005; Palstra and Ruzzante, 2008; Hare et al., 2011) , making resistance more difficult to develop. Further, the spatial fragmentation we observed in an urban setting (Blanton et al., 2015) and this rural area further lowers local Ne, reduces fitness (Burkey, 1997) and the risk of re-population or spread of a given mutation (Johansson et al., 2007) . This is not to say that praziquantel resistance will not occur somewhere in the world. By some accounts varying degrees of tolerance have been observed in Egypt (Ismail et al., 1996) , Senegal (Danso-Appiah and De Vlas, 2002) and possibly Kenya (Melman et al., 2009 ). However, in none of these cases has suspected resistance led to broad areas or contiguous foci that could be described as praziquantel-resistant, possibly due to similar landscape fragmentation. Effective treatment reduces Ne and increases fragmentation of parasite populations, and remains the best approach to reduce transmission apart from effective sanitation.
